Purpose To assess the quantitative and morphological changes of the macula in response to macular grid laser for diabetic macular oedema (DMO) using optical coherence tomography (OCT). Patients and Methods Cirrus OCT macular cube scans of 30 eyes of 25 patients were retrospectively analysed before and 4 months after macular grid laser for diffuse DMO. The oedema was quantified and response evaluated in the nine early-treatment diabetic retinopathy study (ETDRS) zones of the macula. Post-laser OCT changes were compared with the baseline features, including morphology patterns, changes in both logarithmic transformed (logOCT) and standardised average macular thickness (AMT), total macular volume, number of parafoveal quadrants involved, and the presence of intact 3rd hyper-reflective band (HRB). Results The rate of change of retinal thickness in response to laser was maximum in the central (8.17%) and perifoveal inferior quadrants (0.04%). Diffuse retinal thickening on OCT responded best to treatment. The AMT of 300-350 lm had the worst response (þ 0.94%). Eyes with less than four quadrants of oedema showed good response. Disrupted HRB was associated with poor visual gain (À0.33 ETDRS letters). Conclusion The topographic location of oedema on the retinal map and the morphological patterns of the oedema on OCT are useful predictors of treatment response in diffuse DMO.
Introduction
Diabetic macular oedema (DMO) is a leading cause of blindness among the working population. 1 The early-treatment diabetic retinopathy study (ETDRS) group showed that in eyes with clinically significant macular oedema, macular laser reduced the risk of moderate visual acuity (VA) loss (defined as a loss of 15 or more letters) by approximately 50% (from 24 to 12%) after 3 years. 2 Clinically significant macular oedema was defined on the basis of stereoscopic fundus photography as retinal thickening within 500 mm of the centre of the macula or hard exudates within 500 mm from the centre of the macula with thickening of the adjacent retina or a zone of retinal thickening, 1 disc area or larger, any portion of which is located within 1 disc diameter from the centre of the macula. 2 Fluorescein angiography further differentiates DMO into three types: focal macular oedema when the oedema is localised, diffuse macular oedema when nonspecific leakage is noted at the macula, and ischaemic macular oedema when the oedema is associated with an enlarged and/or disrupted foveal avascular zone. Recent evidence from randomised controlled trials on DMO shows that characteristics of DMO described as focal and diffuse do not correlate with VA or response to treatment. 3 So, the Diabetic Retinopathy Clinical Research Network (http://DRCR.net) investigators concluded that new classifications that better characterises the response to treatment are required. 3 With the advent of optical coherence tomography (OCT), several investigators have classified DMO on the basis of the retinal map and cross-sectional appearance of the retina on OCT. 4, 5 The spectral domain OCT allows better characterisation of the retinal morphology. The morphological patterns of DMO on OCT are generally classified into diffuse retinal thickening (DRT), cystoid macular oedema (CMO), subretinal detachment (SRD), and vitreomacular interface abnormalities. [4] [5] [6] [7] Similarly, DMO has been classified on the basis of the area of retinal thickness on the retinal thickness map into diffuse parafoveal thickening defined as having all four parafoveal OCT quadrants greater than 300 mm and focal oedema when fewer than four quadrants are greater than 300 mm.
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In clinical trials, a central macular thickness of 300 mm on Stratus OCT is often taken as the cutoff point to diagnose DMO. 9 However, in real life, such numerical values are often not considered. Instead, macular laser is done for any thickening with a clinical diagnosis of clinically significant macular oedema and associated functional loss.
As the response of various grades of thickness to photocoagulation differs, the mean change of central subfield thickness over time in units of logOCT has been shown to provide a better sense of proportionate treatment effects across a wide variety of baseline retinal thicknesses than the actual mean change in micrometres. 10 Similarly, absolute values are more reliable indicator in eyes with mild thickening, whereas relative thickness is a more reliable outcome measure in eyes with more severe retinal thickening, and changes in macular volume are a sensitive measure in diffuse macular oedema. 11 Standardisation of OCT changes on the basis of normative data has also been suggested as a reliable method. 12 In this study, we applied the different outcome measures suggested to examine the effect of modified grid laser photocoagulation on both morphological and quantitative parameters of OCT with a view to understand the predictive factors of macular grid laser that could be translated to real-life settings.
Patients and methods
This study retrospectively analysed the preoperative and 4 months postoperative OCT parameters of 30 eyes of 25 consecutive patients with diffuse DMO that were treated with modified grid laser photocoagulation in the Department of Ophthalmology, King's College Hospital, London. The project was approved by the Chair of the Ethics Committee and registered with the clinical effectiveness department of King's College Hospital. The study protocol adhered to the tenets of the Declaration of Helsinki. Inclusion criteria for the study were patients with the presence of clinically significant macular oedema confirmed as diffuse macular oedema on fluorescein angiography with no previous laser photocoagulation or pharmacologic intervention within 3 months of inclusion.
Exclusion criteria included OCT evidence of vitreomacular interface abnormalities and patients with OCT scan signal of less than 6. Eyes with macular oedema due to other conditions such as venous occlusion were also excluded. All individual scans from each OCT session were manually inspected to ensure proper delineation of the internal limiting membrane and retinal pigment epithelium. Eyes with significant hard exudates that caused improper delineation of the internal limiting membrane/retinal pigment epithelium by the Cirrus HD-OCT software were excluded.
OCT
All scans were performed using the Cirrus OCT version 3.0.0.64 software (Cirrus OCT, Carl Zeiss Meditec, Dublin, CA, USA). Each study eye was pharmacologically dilated before the procedure and OCT scanning was performed using the 512 Â 128 scan pattern, where a 6 Â 6-mm macular cube was scanned with 128 horizontal B-scan lines, each consisting of 512 A-scans per line (total of 65 536 sampled points). All scans were obtained by experienced photographers who have been certified for OCT scan capture by image-reading centres for clinical studies.
Determination of quantitative parameters
Two quantitative OCT outcomes average macular thickness (AMT) and total macular volume were measured automatically using OCT retinal-mapping software. The AMT is defined as the mean retinal thickness in the circular zone of diameter 1 mm centred on the fovea, and total macular volume as the volume (mm 3 ) of the nine ETDRS subfields covered in the macular scan pattern. The baseline AMT was further classified into three groups: baseline AMT o300 mm, 300-350 mm, and more than 350 mm to note the response rate of different thickness of retina to laser photocoagulation.
We also recorded the average (interpolated) retinal thickness in each of the nine ETDRS subfields as shown in the macular thickness map (Figure 1 ) to assess the regional changes in retinal thickness following laser therapy.
In order to accurately assess the treatment outcome on retinal thickness, a logarithmic transformation of the OCT central subfield macular thickness (CSMT) measurements (logOCT) was done by taking the log base 10 of the ratio of the CSMT divided by 200 and rounding to the nearest hundredth value. Change in logOCT from baseline was calculated for the follow-up visit by subtracting the change in the baseline logOCT from the follow-up visit logOCT and rounding to the nearest hundredth value. 10 Besides, the absolute change in various zones was calculated by subtracting the baseline CSMT from the follow-up thickness. The relative change in thickness is the absolute change divided by the baseline thickness Â 100%. The standardized change (SCMT) is the actual change in CSMT (the initial pretreatment thickness minus the post-treatment thickness) using OCT and dividing that value by the potential change (the initial pretreatment thickness minus the normal thickness based on normative data) to provide the total improvement in macular oedema as a percentage. 12 
Determination of qualitative parameters
Retinal morphology were also assessed using the macular cross-sectional OCT images indicating the reflectivities of retinal structures, and these were classified into three patterns as described by Kim et al. 2 The DRT pattern was characterised by a sponge-like retinal swelling of macula with reduced intraretinal reflectivity. The CMO pattern was characterised by intraretinal cystoid spaces of low reflectivity with highly reflective septa separating cystoid-like cavities in the macular area. The SRD pattern was characterised by a shallow elevation of the retina, with an optically clear space between the retina and the retinal pigment epithelium. The OCTs with any vitreomacular interface abnormalities pattern, such as epiretinal membrane, vitreomacular traction, or both were excluded. Epiretinal membranes were deemed present if one or more of the following conditions were met: a macular pseudohole, a difference in optical reflectivity between membrane and retina, a visible membrane tuft or edge. 6 The vitreomacular tractions were considered to be present when a highly reflective band was observed on the surface of the retina at specific sites and elevated off the surface elsewhere, whether continuous or not with the posterior vitreous surface. 7 Our definition of DRT allowed only pure DRT. If DRT and CMO or SRD were present together, the classifications were CMO or SRD, respectively; and when DRT, CMO, and SRD were present, the classification was SRD. This classification was on the basis of the fact that eyes with SRD carry the worst prognosis. The proportion of persistent DMO patients with different OCT features was evaluated in our study population. Persistent DMO was defined as an increase in baseline thickness after grid laser photocoagulation treatment at 4 months.
Hyper-reflective band (HRB)
With high resolution and contrast, OCT allows us to evaluate the integrity of the photoreceptors by assessing the status of the third HRB. [13] [14] [15] 16 On OCT imaging, the HRB is identified as a distinct band just above the highreflectance layer of the retinal pigment epitheliumchoriocapillaris complex, best detected in greyscale mode (Figure 2) . 17 The HRB was analysed in the area corresponding to the central 3 mm grid of the ETDRS chart and classified into three groups: intact (group 1), disrupted (group 2), or absent (group 3), depending on 
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Eye the reflectivity and continuity of the band under high contrast settings.
All morphological classification inclusive of the HRB band was graded by two graders (RV and SK) and disagreements were resolved by open discussion with a third investigator (SS), and reclassifications were made only when all parties agreed.
Visual acuity (VA)
The VA was recorded in a busy clinical setting by uncertified staff using Snellen's chart and then converted to ETDRS letters. So, it is likely that the VA is underestimated and is therefore not used as an outcome measure in this study, except for the correlation with HRB as HRB is regarded as a surrogate marker of visual function.
Retinal photocoagulation
Macular grid photocoagulation was performed following the modified ETDRS laser protocol. 18 A grid pattern with barely visible laser burns was applied on the entire oedematous area with a 500-mm safety distance towards the foveal centre. Conventional double frequency Nd YAG 532 nm laser was used with a spot size of 75-125 mm.
Statistical methods
For all quantitative data, t-tests were done between baseline and follow-up measurements and all P-values reported are two sided. The statistical analysis was performed using statistical software (Prism, ver. 4; Graph-Pad (La Jolla, CA, USA) 2002-2005); the criterion for statistical significance was Pr0.05. Table 1 summarises the baseline features of the subjects.
Results

Change in retinal thickness following macular laser
The CSMT ranged from 270-571 mm pre laser and 270-598 post laser. Similarly, the AMT ranged from 270-398 at baseline and 270-405 post lasers, showing the wide variability in the OCT measurements. Of note, the pattern of relative and absolute change as shown in Figure 3 were identical in both eyes and showed a characteristic pattern of maximum response at the central and inferior perifoveal area. The regions that were least responsive to laser were parafoveal superior, nasal quadrants, and perifoveal temporal quadrants. Other regions showed moderate response (Figure 3) .
LogOCT
There was no change in the mean logOCT of CSMT at baseline and at follow-up. However 39.13% eyes showed one-step change in logOCT and 8.7% eyes showed a two-logOCT change.
Qualitative and quantitative response to macular grid laser
The maximum reduction in average retinal thickness following laser was observed in eyes with AMT 4350 mm and in eyes with less than four quadrant parafoveal thickening. The response to laser was best in eyes with DFT and cystoid oedema was least responsive ( Table 2) .
Changes in HRB
In all, 60% of the eyes had an intact HRB with a mean VA of 72.89 ETDRS letters, 20% of the eyes had a disrupted HRB with a mean VA of 67.5 letters, and 20% had an absent HRB with a mean VA of 57.33 letters. At 4 months, the mean gain in VA in the group with intact HRB was 2.89 letters, the group with disrupted HRB lost 0.33 letters, and the group with the absent HRB gained 0.67 letters. Disruption of HRB was not associated with any morphological pattern of oedema.
Persistent macular oedema
An increase in macular thickness was observed in five eyes at 4 months after laser treatment. Three of these eyes had centre-involving oedema, four had baseline DRT, and three of these eyes had less than four quadrant involvement.
Intergrader agreement
Kappa stats. Kappa stats for intergrader agreement on pre-and postlaser classifications on morphology and HRB band showed very good agreement; weighted Kappa was 0.980 and 0.936, respectively.
Changes in HBA1C
Data on HBA1C was available in only 40% of the patients and the mean was 8.87.
Discussion
Our study explored the topographic response of diffuse macular oedema to modified grid laser. We analysed several qualitative and quantitative measures to understand the predictive parameters that would help in routine clinical practice. The relative change in thickness was maximum in the CSMT in centre-involving macular oedema. Change in macular volume is more useful to assess response to non-central macular oedema. Absolute change in retinal thickness is a better predictor of response compared with relative change in oedema o300 mm, whereas relative change is a better outcome measure when the macular thickening is 4300 mm. Our findings mirror reports from clinical trials.
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There was a zonal predilection for response with the maximal response observed in CSMT. Browning et al 19 noted that in treatment of naive eyes with DMO, the fovea (CSMT) was thicker relative to another zone in 26%; the four inner parafoveal zones were thicker relative to other zones in 13%, whereas the four outer zones were thicker relative to other zones in 6%. We noted that CSMT showed the maximum response. Soliman 20 noted a similar pattern in the response rate to laser. They found that the effect of photocoagulation was highest at the foveal centre and the effect decreased with increasing eccentricity. The zone-specific response in our series indicates that CSMT and inferior perifoveal zone are the most responsive and the parafoveal superior and nasal being the least responsive. These features are identical in both eyes, suggesting that the response may be because of the papillomacular bundle-sparing effect of the laser technique or regional differences in bloodretinal barrier characteristics or zonal variations in microcirculation, resulting in regional changes in improved oxygen supply post laser. However, there is no convincing evidence to support these differences. [21] [22] [23] Another predictor of better anatomical response to laser treatment is the morphological subtype of the oedema on OCT. The morphological categories of our Qualitative and quantitative OCT response to macular laser photocoagulation R Vemala et al cohort with diffuse macular oedema showed that 57% were DRT, whereas 37% were cystoid in keeping with the observations of Brar et al. 24 On correlating the angiographic and OCT appearance of DMO, they observed that angiographic evidence of diffuse macular oedema is most often associated with DRT on OCT, although microcysts are common, whereas cystoid leakage on fluorescein angiography is always associated with cystic changes on spectral domain OCT. The most favourable outcome was noted with the DRT group, whereas CMO were poor responders. Similar results have been obtained with other forms of therapies for DMO, 4, [25] [26] [27] suggesting that the vertical cell-cell alignment of the retinal layers is crucial for positive outcomes to any form of therapeutic intervention. In fact, a recent study showed that the cross-sectional area of retinal tissue between the plexiform layers in CMO on OCT is the best indicator of visual function. 28 This observation may also be explained by the fact that DRT may represent the milder form of oedema characterised by intracytoplasmic swelling of Muller cells, 29 whereas cystoid spaces result from liquefaction necrosis of Muller cells explaining the poor resolution to treatment. 30 The number of SRDs in our case series was very small to assess its predictive value. Although SRD is often considered a poor prognostic indicator in DMO, previous studies on the prognostic value of SRD in DMO have reported conflicting observations. 4, 31 Localised macular oedema (less than four parafoveal quadrants) responded better to grid laser than when all four quadrants were involved, supporting a previous study. 8 Our study also showed that eyes with moderate AMT of 300-350 mm had the worse response to laser, unlike the findings noted by Estabrook et al. 32 We hypothesise that moderate thickening do not benefit from a quick response compared with those with o300 mm oedema and those with severe oedema of 4350 mm thickening. A larger sample size will be required to substantiate this finding.
Another prognostic indicator is an intact HRB layer at the fovea. This study showed that eyes with absent or disrupted HRB at baseline had a poorer visual outcome compared with eyes with intact HRB, supporting previous observations that the HRB layer is a valid OCTderived surrogate marker for visual function in DMO and many other retinal diseases. [33] [34] [35] [36] [37] [38] [39] This study reverberates several recent reports that emphasised the correlation of an intact HRB layer with better VA in DMO as well as other retinal diseases.
The strength of this study is that we assessed both quantitative and morphological response to laser treatment using spectral domain OCT. The intergrader agreement is good, suggesting that these parameters could be used in clinical practice with no additional software or manual measurements. The patients included in this series are representative of a real-life 'see and treat' retinal clinic.
Our study has a number of limitations related to its retrospective nature. We did not consider the correlation of OCT changes with functional response. The sample size is relatively small, and the overall glycaemic control of these patients was suboptimal compared with those recruited in clinical trials. Patients with HBA1C of 8 or above have increased macular thickness that reduces with strict blood-sugar control. 40 There may also be additional unknown confounders such as blood pressure that have not been considered in this study.
In conclusion, several OCT-derived parameters observed in this study have added both qualitative and quantitative dimension in the assessment of DMO and may even reduce the need for fluorescein angiography. Despite the observed correlations, much of the variability in the natural history and therapeutic response of DMO still remains and should continue to be the target of future studies.
Conflict of interest
S Sivaprasad has received travel grants, research grants and participated in advisory board meetings for Pfizer, Novartis, and Allergan.
Acknowledgements
We thank Matthew Richardson and Richard Leung, the photographers involved in this study. This work has been What was known before K The analysis of various morphological patterns of diffuse diabetic macular oedema (DMO) shows diffuse retinal thickening (DRT) to have a better response to macular photocoagulation compared with cystoid macular oedema(CMO).
K Topographic response as to which region of the macula responds best to laser has not been explored much in literature.
What this study adds K We analysed several qualitative and quantitative measures influencing DMO after macular laser to understand the predictive parameters that would help in routine clinical practice.
K We also noted the response of DRT to be better than CMO after macular photocoagulation, similar to other reports in literature.
K We found central subfield macular thickness (CSMT) and inferior perifoveal zone on the ETDRS grid to have the best response to laser compared with the rest of the regions.
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